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Abstract 
Flexible spinning with three internal support rollers can allow the economic production of very low-volume or one-off 
prototypes by removing the need for a mandrel. However, to produce a range of shallow products accurately, it is necessary to 
position the internal support rollers correctly and to compensate for springback. This paper demonstrates the use of a laser 
scanner to monitor the current workpiece, position the internal rollers correctly, and compensate for springback. The approach is 
demonstrated by producing a 316 mm cup with a 50 mm corner radius with a geometric error of just 1.5 mm.  
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1. Introduction 
Sheet metal spinning is a sheet forming process where a circular piece of sheet is spun about its axis, while a 
tool gradually forms it onto a mandrel, which provides internal support to the workpiece (Fig. 1(a)). However, the 
mandrel is expensive, often costing over £10,000, and can only be used to make one product. Spinning is therefore 
not economical for low-volume parts, one-offs or prototypes. 
Music and Allwood (2011) identified that the workpiece only makes contact with the mandrel at a maximum of 
three discrete points. They were therefore able to develop a flexible spinning machine which replaced the mandrel 
with three numerically controlled internal rollers: one “blending roller” and two “support rollers” (Fig. 1(b)). 
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Nomenclature 
EI Elastic bending stiffness per unit length 
F Tool force 
r0(z) Measured radius of the product at axial position z 
rb(z) The radial coordinates of the shape used to generate the base of the toolpasses 
rt(z) Target radius of the product at axial position z 
s The intrinsic coordinate: length along the meridian of the workpiece 
sb Length along the meridian of the workpiece from clamp to blending roller 
swb Length along the meridian of the workpiece from the blending roller to the working roller 
z Axial coordinate 
į Elastic displacement of workpiece due to the loading of the tool 
 
  
Fig. 1. Schematic diagrams of (a) conventional spinning; (b) flexible spinning. 
 
Music and Allwood use this machine to produce a 250 mm diameter cup. However, this did not fully exploit the 
capabilities of the machine, as the internal radius of corner of the cup was equal to the nose radius of the blending 
roller. The blending roller could therefore remain stationary, allowing the workpiece to be formed around it. 
Furthermore, the initial machine design by Music and Allwood (2011) did not have online geometry measurement, 
so they were not able to compensate for springback. Subsequent measurements of their cup showed errors of over 7 
mm from the target shape. 
Now online measurement has been added, allowing the internal rollers to be positioned automatically, and for 
online springback compensation. In this paper, approaches to achieve both of these objectives are described. They 
are then demonstrated through the spinning of a 316 mm diameter cup with a 50 mm corner radius, from a 2 mm 
thick, 375 mm diameter blank made from Aluminium grade 1050A-H14. 
2. Blending roller positioning 
The position of the blending roller is critical to the successful and accurate production of shallow products or 
products with large corner radii. Fig. 2(a) shows three possible positions of the blending roller at a given stage in 
the spinning process. When the blending roller is held in a fixed position (position A), the workpiece bends about 
the bending roller and becomes over-formed (a term we used to describe the workpiece overlapping what would be 
the mandrel in conventional spinning) between the blending and working roller, as shown in Fig. 2(b). When the 
blending roller moves too far along the would-be mandrel, the workpiece doesn’t make contact with the blending 
roller at all (position C). The workpiece bends around the clamping plate clamping it to the tailstock, and becomes 
over-formed at the base of the product, as in Fig. 2(b). 
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Fig. 2. Blending roller positioning: (a) Schematic of possible blending roller positions; (b) The achieved workpiece shape when the blending 
roller is placed in positions A (fixed position) or C (moved too far); (c) The FEA results showing that the largest contact forces are just where 
the workpiece stops conforming to the mandrel (length of arrows are proportional to contact pressure). 
From extensive finite element analysis (FEA) of conventional spinning for a range of different shapes, the 
region of maximum contact force between the workpiece and mandrel was found to be just as the workpiece 
stopped conforming to the mandrel, as shown in an example of the FEA results in Fig. 2(c). A laser line scanner 
was fitted to the machine (Fig. 3(a)) to measure the shape of the workpiece and to determine the point where the 
workpiece just stops conforming to the mandrel. The blending roller can then be positioned at this point using one 
of three approaches: near-real-time positioning; repositioning twice per pass of the working roller; and using a 
hybrid approach. 
 
 
Fig. 3. Using a laser scanner to position the blending roller: (a) A photograph of the setup, showing the 90° angle between the laser line and 
working roller; (b) The achieved product shape using two different blending roller positioning approaches; (c) The shape and circularity error. 
2.1. Near-real-time positioning 
In the near-real-time positioning approach, the blending roller is repositioned every time a new motion 
command is sent to the working roller (Approximately every 3 mm of motion of the working roller). 
However, sometimes the measured shape is significantly affected by the loading of the working roller, 
particularly when the working roller is nearer the edge of the workpiece. The blending roller position was therefore 
based on the loaded shape, and this sometimes led it to move too far as in Fig. 2(b). This could be overcome by 
using a model to calculate the unloaded shape from the measured loaded shape. A finite element model could be 
used, but this would be too slow to run online in real-time. Ideally, a fast, analytical model could be used to 
calculate this in much less than the 1 second, which is typically the time between motion commands. 
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2.2. Twice-per-pass positioning 
An alternative is to measure the unloaded workpiece and reposition the blending roller twice-per-pass: Firstly, 
when the tool reaches the edge of the workpiece, the tool is withdrawn and the unloaded workpiece measured 
directly; secondly, when the tool reaches the base of its toolpath, where the tool loading has very little effect on the 
measured shape of the workpiece. The blending roller is repositioned after each measurement is taken. 
The product shape produced using this approach is shown in Fig. 3(b) and the errors in Fig. 3(c). The product 
was produced without wrinkling, and the achieved shape is much closer to the desired shape than in Fig. 2(b). 
However, near the base of the cup (towards the left of the plots), there is a 1.2 mm overlap with the target shape. 
2.3. Hybrid positioning approach 
It was found that most of the over-forming around the base is produced during the first toolpass, which is 
typically the most aggressive pass. Therefore, a hybrid approach is proposed, where the near-real-time positioning 
approach is used for the first forward tool pass, and the twice-per-pass positioning is used in subsequent passes. 
The results are shown in Fig. 3(b) and (c), alongside the results from the twice-per-pass approach, showing that 
the achieved shape has better agreement with the target shape – The 1.2 mm error around the corner of the cup has 
been reduced to 0.6 mm, although the error remains similar elsewhere. 
In conclusion, to produce a range of shallow shapes, the blending roller should be positioned at the point where 
the unloaded workpiece shape just stops conforming to the target shape. The blending roller should be positioned in 
real-time on the first toolpass. In subsequent passes, it should be repositioned after the tool is withdrawn at the tip 
of the toolpass, and again when the tool reaches the base of the toolpass.  
3. Springback compensation 
In a review of metal spinning, Music et al. (2010) highlight springback as an area that requires further work. 
Sebastiani et al. (2007) claim that springback is smaller later in the spinning process, when geometric stiffness of 
the workpiece is higher, but this is little help in toolpath design. In industry, springback is reduced by squeezing the 
material between the tool and the mandrel, in effect using the principal of stress superposition described by Kleiner 
et al. (2009) and Chatti et al. (2009). 
However, one advantage of the flexible spinning machine is that the working roller can move beyond the target 
shape in order to compensate for springback without colliding with the mandrel. In addition, the laser line scanner 
can be used to measure springback so that it can be compensated for using a closed-loop control approach. 
 In this paper, three approaches to springback compensation using the laser line scanner have been attempted: 
compensation on a part-by-part basis; compensation with a final finishing pass; and online compensation. 
3.1. Part-by-part compensation 
Part-by-part compensation is where a part is made and measured, and then springback is compensated for in 
generating the toolpath for the next part. The initial toolpath is generated assuming no springback (Fig. 4(a)). The 
shape of the resulting product is measured, and the radial error is subtracted from the target shape in order to give a 
new shape (Fig. 4(b)) which is used as the base of the new toolpath (Fig. 4(c)): 
 
ݎ௕(ݖ) = ݎ௧(ݖ) െ ൫ݎ଴(ݖ)െ ݎ௧(ݖ)൯. (1) 
 
Where ݖ is axial coordinate; ݎ௧ is the radius of the target shape, ݎ଴ is the achieved shape after the initial attempt, 
and ݎ௕ is the new shape used to generate the base of the new toolpath. 
The shape achieved using this approach is plotted Fig. 5(a). The product errors are reduced significantly: the 
shape error from 3.9 mm to 1.5 mm, and the circularity error from 4.8 mm to 0.8 mm. However, the disadvantage 
of this approach is that the first part goes to waste, which might result in significant yield loss for low volume parts. 
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Fig. 4. Part-by-part springback compensation: (a) the initial toolpath; (b) the achieved shape after the initial attempt being used to calculated a 
compensated base shape; (c) the toolpath generated from the compensated base shape. 
 
 
Fig. 5. The achieved shapes with springback compensation: (a) Part-by-part compensation; (b) Final finishing pass; (c) Online compensation. 
3.2. Final finishing pass 
An alternative is to design a final pass to remove the springback from the each part made, independently of 
previous parts. This final pass is designed in the same way as the compensated base shape using equation (1) and 
shown in Fig. 4(b). However, this shape is used directly as coordinates of the finishing pass of the working roller. 
The blending roller follows the same path on the other side of the sheet in order to simulate the through-thickness 
stresses that would be achieved by squeezing the material between the tool and mandrel in conventional spinning. 
The achieved shape is shown in Fig. 5(b). The errors are reduced only slightly: the shape error from 3.9 mm to 
2.8 mm, and the circularity error from 4.7 mm to 3.2 mm as the squeezing of the material between the working and 
blending rollers acts to flatten out the wrinkles. 
3.3. Online compensation 
To compensate for springback online, the position of the tool and the unloaded shape of the workpiece can be 
used to calculate the elastic springback distance. A cantilever-based model is then used to calculate how this 
springback distance varies as the tool moves along the meridian of the workpiece (Fig. 6(a)): 
 
ߜ = ܿ௚ܨ
ܧܫ
ቆ
ݏ௕ݏ௪௕ଶ
4 +
ݏ௪௕ଷ
3 ቇ. (2) 
 
The constant, cg, compensates approximately for the addition stiffness due to the axisymmetry of the workpiece. 
It is recalculated from the elastic springback distance measured each time the tool reaches the edge of the 
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workpiece. Equation (2) can then be used to calculate the springback distance when the tool reaches the base of the 
toolpath. On the next pass, the tool then moves this distance into the target shape, in order to compensate for 
springback. The blending roller continues to be positioned based on the uncompensated target shape, to ensure that 
it always makes contact with the workpiece after unloading. No final finishing pass is applied. 
 
 
Fig. 6. (a) Schematic of the cantilever-based model; (b) The shape and circularity errors using three springback compensation approaches. 
 
Fig. 5(c) shows the achieved shape. The dimensional error is reduced: the shape error from 3.9 mm to 1.5 mm; 
and the circularity error from 4.8 mm to 0.8 mm. The improved circularity is thought to be because the workpiece 
conforms to the target shape more. The blending roller provides support closer to the edge of the workpiece, 
reducing the free distance between the blending and working roller and improving stability. 
Comparing the geometric error achieved by the three springback approaches (Fig. 6(b)), it can be concluded that 
the online compensation method reduces the springback error the most, without producing any additional waste. 
4. Conclusion and further work 
In this paper, a laser line scanner was used to measure the shape of the workpiece during spinning. This 
measurement was used to position the blending roller at the point where the workpiece just stops conforming to the 
would-be-mandrel. In addition, it was used to measure and compensate for springback using a cantilever-based 
model. This has allowed the dimensional errors in the product to be reduced from 4.8 mm to 0.8 mm. Although this 
is still larger than the 0.1 mm tolerances possible in commercial applications of conventional spinning, it represents 
a significant improvement for flexible spinning. 
Future work could focus on building a fast elastic model of the workpiece. This would allow online calculation 
of unloaded shape of the workpiece from the measured shape and tool force, so that the blending roller could be 
positioned in real-time. It would also allow more precise springback compensation, further improving dimensional 
accuracy. In addition, the online measurements may be used for failure mode detection and compensation. 
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